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We use concentration data and a set of steady and transient, stoichiometrically coupled, one-dimensional, analytical transport models to estimate the flux of soil gas constituents through a uniform, permeable, unsaturated zone. We postulate aerobic biodegradation of hydrocarbons in the contaminated capillary fringe, so that, to leading order, oxygen diffuses steadily down from the atmospheric source at the ground surface, while carbon dioxide and hydrocarbon vapors diffuse steadily upward from a separate phase source at the edge of the fringe. The steady carbon dioxide and oxygen fluxes are evaluated above a jet fuel/solvent spill at Plattsburgh Air Force Base and found to be consistent with steady values found by Lahvis and Baehr [1996] and Lahvis et al. [1999] over automobile gasoline spills.
Wallach [1998] applies perturbation theory to the reactive term of a groundwater contaminant transport model. We compliment this approach by considering perturbations to the transport mechanisms of a soil gas constituent. Gaseous diffusion is assumed to dominate the steady profile and barometric pressure fluctuations drive the transient profile. The barometric pressure distribution is described by a diffusion equation [Shah, 1995] and induces a second-order, transient correction to the steady concentration profiles if the capillary fringe is uniform and relatively deep. The constraints validating the perturbation theory are easily satisfied at Plattsburgh.
Soil Gas Transport Theory

Steady and Transient Soil Gas Transport Equations
We assume that the advective, dispersive, and diffusive vertical flux of a dissolved and gaseous phase constituent through the unsaturated zone is balanced by a reaction and the temporal change of aqueous c and soil gas C concentrations 
Air Porosity Characteristic and the Steady Concentration Profile
We integrate (Sa) from the top of the capillary fringe to any elevation in the unsaturated zone, invoke (5b) and so deduce dCs Asz -OsOs • = Sso q--•-.
Since Millington [1959] suggests that the soil gas diffusivity is sensitive to the air porosity, we continue the steady derivation by modeling Os. The air porosity increases with increasing elevation, and we postulate an empirical power law between the steady air porosity fraction 0* and z, as a consequence 0* = (8a) 
D = DRE F T---•EF n2 . (3b)
We combine (3) and (4) and group steady and transient terms, assuming diffusion and advection to be of comparable importance. The first-order steady profile is a balance of diffusion and decay that supports a steady boundary concentration C so and flux Jso at the top of the capillary fringe 
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The no-flow bottom and unsteady atmospheric boundary condition p(t) are responsible for barometric pumping We note that the pore size distribution is uniform at Plattsburgh, since a << 1.
Soil Gas Sampling Methods
Soil gas samples were obtained on 0.3 m increments from a rapid deployment vapor probe ( Figure 6 ) driven by a drill rig equipped with a 140 pound Standard Penetration Test hammer. Soil gas samples were vacuum pumped to the surface through a 3 mm diameter flexible teflon or polypropylene line, routed through the annulus of the drill rods. Vapor probe profiles were measured from 0.6 to 11.6 m below the ground surface at location VP1 on October 11, 1995, and over a 0.3-6.1 m interval at VP3 on October 13, 1995. We also installed permanent, dedicated soil gas sampling points set in 0.30 m sandpacks with 0.60 m bentonite seals at 32 depths in 17 boreholes distributed over the separate phase spill (Table 2) . Two additional sampling points were constructed in a control borehole located 100 m away from the contaminated soil ( Figure  2 ). These tubing clusters were sampled on October 26, 1995, November 16, 1995, and January 16, 1996. Figure 7 displays construction of a typical dedicated cluster sampling point. The stainless steel soil gas points were installed at depths ranging from 0.9 to 11 m below grade.
Two L soil gas samples were collected from the vapor probes and permanent clusters in evacuated, nitrogen-rinsed, tedlar bags. Oxygen and carbon dioxide soil gas concentrations were measured in the field using a model 302 sniffer and a PMI-300 analyzer, equipped with internal vacuum pumps. Serial dilution [Robbins et al., 1990 ] was employed for soil gas samples with carbon dioxide contents in excess of 10% by volume or oxygen contents less than 5% by volume. Hinlein [1999] provides additional details describing soil gas sampling methods.
Soil Gas Oxygen and Carbon Dioxide Calibration
We measured the partial pressure Px of soil gas oxygen (X subscript) on five different dates at Plattsburgh, with the resuits shown as symbols in Figure 8 . The ideal gas law [Eastman, 1975] and observed soil temperature (discussed below) convert the data to oxygen concentration Cx, The oxygen diffusivity Dsx • of 8.13 x 10 -6 m2/s follows from (9c).
We calibrate the soil gas oxygen profile with a nested Fibonacci search for the optimal oxygen flux and steady capillary fringe concentration, with the error statistics defined by (23). Reactions are ignored in the unsaturated zone, so that As is set equal to zero. Transient concentrations induced by barometric pumping are included in the calibration (although they are small, as discussed below). Table 3 diffusivities, total porosities, and unsaturated zone thickness of the Plattsburgh site. Oxygen is at atmospheric levels at the ground surface and zero at the capillary fringe, while carbon dioxide vanishes at the ground surface and attains a common value at the capillary fringe. Case I is the calibrated profile (Figures 8 and 9 ), featuring an a of 0.114 and a A s equal to zero. Case II eliminates the variation of porosity by setting a and As equal to zero, resulting in a linear profile. We see that the reduction of air porosity near the capillary fringe imparts a concave shape to both the oxygen and carbon dioxide profiles; a shape that is also evident in the data (Figures 8 and 9 ). Case III zeros a and Jso, so that the degradation is assumed to be carried by a finite As value. Reactions in the unsaturated zone impart a convex shape to the oxygen and carbon dioxide profiles, as measured by Ostendorf and Kampbell [1991] . The Plattsburgh oxygen and carbon dioxide profiles are not convex nor do we observe appreciable hydrocarbon vapors in the unsaturated zone. 
Barometric Pressure Corrections at
Conclusions
We calibrate a stoichiometrically coupled soil gas transport model with spatially resolved observations of carbon dioxide, oxygen, total hydrocarbon, and trichloroethylene vapor con- 
Appendix 1: Transient Soil Gas Transport Equation
We pursue a simple analytical account of the transient concentration profile for a uniform soil by assuming that the air porosity and diffusivity are constant to leading order, so that the right-hand side of (6) The unsteady equation simplifies further if the unsaturated zone is far less biologically active than the capillary fringe (so that Jso >> As). The steady flux is constant in the absence of sources or sinks in the unsaturated zone, so that (7) reduces to dCs -OsDs -•--Sso (As << Sso).
We use (41) to simplify the right-hand side of (6) with gravitational acceleration g. Thus/3 is equal to 1.14 for a water kinematic viscosity v of 1.2 x 10 -6 m2/s. We estimate ½B from observed moisture content data (Figure 4) 
The moisture content and air porosity are uniform above z r, which is specified by matching (50b) and ( 
Equations (56) and (57) specify the specific discharge as the sum of increments induced by atmospheric disturbances PK, using series that converge for time t" greater than KA r. We accordingly construe (58) as the sum of incremental contribu- 
